A B S T R A C T Previous measurements of the transepithelial potential difference (PD) of the proximal tubule have yielded widely conflicting values (range -20 to + 3 mV). In a recent study, Kokko has demonstrated that the PD of the in vitro perfused isolated proximal tubule of the rabbit varies in a predictable way from -6 to + 3 mV, depending on the concentration of chloride, bicarbonate, glucose, and amino acids in the perfusing solution.
A B S T R A C T Previous measurements of the transepithelial potential difference (PD) of the proximal tubule have yielded widely conflicting values (range -20 to + 3 mV). In a recent study, Kokko has demonstrated that the PD of the in vitro perfused isolated proximal tubule of the rabbit varies in a predictable way from -6 to + 3 mV, depending on the concentration of chloride, bicarbonate, glucose, and amino acids in the perfusing solution.
The present micropuncture study examines the effect of tubular fluid composition on the PD profile along the proximal tubule of the in vivo rat kidney. Low resistance measuring electrodes with large tips (3) (4) (5) ,Am OD) filled with 3 M KC1, were used to provide stable PD recordings. Experiments were performed to validate the use of these electrodes. Transepithelial PD measurements were made in immediate postglomerular segments identified by injection of dye into Bowman's space of accessible surface glomeruli and in randomly selected more distal segments of the proximal tubule. In the control state, the first loop was found to have a small but consistently negative PD which could be obliterated by an infusion of phloridzin. In contrast, the PD in later segments was consistently positive. Infusion of acetazolamide abolished the positive PD in the later segments. Acetazolamide and glucose infusion resulted in a negative PD which was abolished by the additional infusion of phloridzin.
These data provide evidence that glucose reabsorption is electrogenic and can account for the small negative PD normally present in the early proximal tubule. The positive PD in later segments appears to be a passive INTRODUCTION It has generally been accepted that net sodium reabsorption in the proximal tubule is entirely mediated by an active process which generates a negative transepithelial potential difference (PD). In 1966, Rector, MartinezMaldonado, Brunner, and Seldin (1) proposed an alternative hypothesis, postulating that only the fraction of sodium reabsorbed in exchange for hydrogen (bicarbonate reabsorption) was active, while the remainder (NaCl) was reabsorbed passively. According to this view, the proximl tubule was considered to be impermeable to sodium bicarbonate, glucose, and amino acids but relatively permeable to NaCl.
Active reabsorption of bicarbonate, glucose, and amino acids could, at least theoretically, generate two important forces for the passive reabsorption of sodium chloride. First, if the reflection coefficient for NaCl was less than that for the impermeant solutes, an effective osmotic force would exist across the tubular epithelium which could promote the flow of a solution containing NaCl. Second, the passive diffusion of Cl-down its concentration gradient, a process demonstrated to occur in the isolated perfused proximal tubule of the rabbit (2), would generate a positive transepithelial PD which would provide a favorable electrochemical gradient for passive outward movement of sodium.
This model would be critically dependent on the existence of a positive transepithelial PD and would therefore be inconsistent with the previously reported negative PD, particularly the -20 mV values reported by us (3, 4) and others (5) (6) (7) (8) (9) . Subsequent studies, especially by Fr6mter and associates Hegel and Wick, have identified errors in the earlier measurements involving the failure to ensure the intraluminal position of the electrode tip (10, 11) and appropriately to correct for liquid junction potentials in the measuring system (12) .
Nevertheless, the magnitude and orientation of the proximal tubular potential in different preparations has remained controversial; a small positive potential re-)orted by some (12) , no potential by others (13) , and a negative potential by still others (14) (15) (16) . In a recent study from our laboratory, using the in vitro perfused isolated proximal tubule of the rabbit, Kokko (17) found that perfusion with a solution simulating glomerular ultrafiltrate resulted in a negative transepithelial PD of -6 mV (owing to active reabsorption of glucose and amino acids) whereas perfusion with a solution resembling late proximal tubular fluid resulted in a positive PD of + 3 mV (because of passive outward Cldiffusion).
The present study was designed to explore the nature and significance of the transepithelial PD along the proximal tubule. First, the use of low resistance electrodes suitable for the measurement of small transepithlial PD was evaluated. Next, the potential profile as a function of tubular length was examined. Third, the role of glucose and bicarbonate reabsorption and chloride concentration gradients in the generation of the observed PD was assessed. The data obtained were then examined with respect to the model for active and passive sodium reabsorption previously proposed (1, 2).
METHODS
Studies were performed on a mutant strain of Wistar rats in which glomeruli were present on the kidney surface. 24 male and 5 female animals, with weights ranging from 120 to 250 g, were anesthetized with Inactin (Promonta, Germany) 100 mg/kg body wt intraperitoneally and were prepared for routine micropuncture of the left kidney. Rectal temperature was monitored throughout each experiment and maintained between 36-38°C by adjustments in temperature of a heated micropuncture Group Az: validation of tcchniques. These experiments were designed to validate the electrical measuring system used in this study. In particular, the use of electrodes with relatively large tips and low tip resistances was assessed. The actual procedures employed are presented under Results.
Group B: comparison of early vs. late proximal PD. There were 10 experiments in this group. Proximal tubular PD measurements were made in (a) immediate postglomerular loops and (b) randomly selected more distal loops of the proximal tubule. First loops were identified by injection of Ringers-bicarbonate solution, colored with 0.2% FD & C dye (Keystone Aniline & Chemical Co., Chicago, Ill.) into Bowman's space of accessible surface glomeruli. In some instances, it was possible to identify the first loop by its obvious connection with Bowman's capsule, and in such cases the PD measurement was performed before puncturing Bowman's capsule to verify the site of puncture. Ringers-bicarbonate solution was infused intravenously at 0.02 ml/min during these measurements.
Group C: examination of factors generating the proximal PD. The 17 experiments of this group were designed to evaluate the roles of glucose and bicarbonate reabsorption in the generation of the normal proximal transepithelial PD. Four different experimental procedures were employed. Procedure 1. Administration of phloridzin during measurement of the PD in an early proximal loop. In 5 animals, the first proximal loop of a nephron was identified as described above. The measuring electrode was inserted into this loop and after a stable PD recording was achieved, 450 1Ag of phloridzin was injected intravenously while continuously monitoring the PD in the same tubular segment for 3-S5 min after the injection. Glycosuria (detected by Combistix, Ames Co., Elkhart, Ind.) occurred in every experiment.
Procedure 2. Acetazolamide infusion. After control measurements in randomly selected proximal tubules, 12 animals were infused with acetazolamide, and further PD measurements made in random proximal segments. Six of these animals received an initial dose of acetazolamide of 20 mg/kg body wt, followed by a continuous infusion of 20 mg/kg body wt/h. The remaining six animals received half this dose, since the smaller dose was found to be much better tolerated while having a similar effect on PD measurements. During acetazolamide administration, the infusate was changed to 0.15 M sodium bicarbonate delivered at 0.04 ml/min to replace urinary losses of fluid and bicarbonate. Measurements of PD were commenced from 10-30 min after the initial dose of acetazolamide. Ptocedure 3. Acetazolamide plus 10% glucose infusion.
7 of the 12 animals from procedure 2 were continued on to procedure 3. An infusion of 10% glucose at 0.1 ml/min was commenced in addition to the acetazolamide infusion. When glycosuria was detected, further PD measurements from randomly selected proximal tubules were made, beginning at times ranging from 14 to 90 min after the start of the glucose infusion. In three of these experiments, the glucose infusion rate was reduced to 0.075 ml/min after detection of glycosuria, whereas in the remaining four experiments, the infusion rate was maintained at 0.1 ml/min. Procedure zero was set (needle of electrometer at center of electrometer dial) for the electrical system by means of the potentiometer on the reference side of the circuit. The pressure in the Lucite chamber of the electrode holder was adjusted via the fine pressure adjustment system attached to the side arm so that microscopically, a minute stream The technique used in the present study for localizing the electrode tip in the tubular lumen was therefore confined to the observance of a rapid and spontaneous flow of tubular fluid into the pipet tip after puncture. Within a few seconds of this event, a stable PD recording was usually observed. After allowing a stable recording for at least 30 s, the pipet was withdrawn from the tubule back into the Ringers-bicarbonate solution. This resulted in an immediate deflection back towards, but not to, the original zero, followed by a slower return phase coinciding with the slow but spontaneous expression of tubular fluid out of the pipet (Fig. 1) . The failure of the PD recording to return immediately to its prepuncture zero position was attributed to the presence of a small liquid junction potential established between the tubular fluid remaining in the tip of the pipet and the Ringers-bicarbonate solution in the bath surrounding the kidney. In three experiments, control measurements were made on 20 randomly selected tubules and the slow return phase which coincided with the elimination of this liquid junction was found to average + 0.8 mV. This slow return phase was not observed after puncture of immediate postglomerular loops or after punctures performed during acetazolamide administration. Presumably, in these instances, no significant liquid junction potential existed between the tubular fluid and the Ringers-bicarbonate solution, since the tubular fluid concentrations of chloride and bicarbonate would be similar to that of the Ringers-bicarbonate bath.
The Because of the magnitude of the PD measurements, (all less than 3 mV), small changes in tip potential were critical and required frequent assessment.-It was recognized that a shift of the tubular fluid: 3 M KCl interface from the pipet tip into the pipet might in itself result in a change in PD if a significant tip potential existed prepuncture. This problems was avoided by frequently checking between punctures to be certain that no significant change in PD from the set zero position occurred when Ringersbicarbonate solution (from the pool above the kidney surface) was aspirated into the tip of the pipet. If a PD deflection occurred with this maneuver (almost invariably in a positive direction), the measuring pipet was discarded and replaced. If no deviation from zero was detected, the pressure in the Lucite chamber was increased again to return the KCI to the pipet tip and further punctures were performed. In addition, if any foreign material was visible at the pipet tip between punctures and attempts to clear this by temporarily increasing the flow of KCl through the tip were unsuccessful, then the pipet was discarded and replaced.
Chemical analysis. To investigate the possibility that significant shunting of PD might be occurring as a result of the use of the larger electrodes; in three animals the mean PD obtained with electrodes with 3-5-/Am tips was compared with the mean PD obtained using much smaller electrodes with tips of external diameter less than 1 um. The smaller tips were sharpened in a similar fashion to the larger tips and were just visible under the stereomicroscope used in the present study. True Ling-Gerard electrodes were not used since in preliminary experiments the PD recordings obtained were found to be highly unstable and unsatisfactory for accurate interpretation. Intraluminal localization of the smaller electrode tips was confirmed by expression of colored 3 M KCl solution from the electrode, after which the tubular fluid: 3 KCl interface was moved into the tapered portion of the electrode by reducing the pressure in the Lucite chamber.
In these three experiments, the mean PD measured in 24 randomly selected proximal tubules using the larger electrodes was + 1.8±0.07 mV, whereas the mean PD measured in 20 tubules using the smaller electrodes was + 1.9±0.10 mV. There was no significant difference between these two values. It seems reasonable to suppose that if shunting of PD does occur, the degree of shunting should be directly related to the size of the pipet used. The finding that no significant difference existed between PD measurements made with electrodes with 3-5-,um tips and electrodes with < 1-/Am tips argues against, but admittedly does not exclude, the possibility that significant shunting of PD was occurring in our measurements.
The small magnitude of the PD measured in the present study also required that possible artifacts arising from liquid junction potentials in the measuring system be critically evaluated. To explore this problem, three experiments were performed where proximal PD measurements were made during a control period using both a Ringers-bicarbonate-filled electrode and a 3 M KClfilled electrode. In these three experiments, a mean PD of + 1.3±0.06 mV was obtained from 10 randomly selected proximal. tubules using the regular 3 M KCl electrode. When this electrode was replaced with one containing Ringers-bicarbonate solution, the mean random proximal PD was found to be + 0.5±0.9 mV (n = 27).
The difference between these two values was highly significant (P < 0.001).
The junctions in the electrical measuring system during tubular puncture using 3 M KCl electrodes are as follows: Ag-AgCl: 3 M KCl: tubular fluid: epithelium: Ringers-bicarbonate: 3 M KCl: Hg-HgCl2. Assuming that the small difference in ionic gradients between the 3 M KCI: tubular fluid and 3 M KCl: Ringers-bicarbonate junctions introduces no significant asymmetry into the measuring system, it is apparent that the measured PD represents the actual transepithelial PD and therefore requires no theoretical correction for liquid junction potentials. Our experiments also permitted us to determine experimentally a value for the Ringers-bicarbonate: tubular fluid liquid junction potential. It was previously noted that after a proximal PD measurement in the control state with a 3 M KCl-filled electrode, withdrawal of the pipet from the tubular lumen into the Ringers-bicarbonate bath surrounding the kidney resulted in ali imimlediate rapid deflection of the PD recording back toward zero, followed by a slower return phase, coinciding with the spontaneous expression of tubular fluid from the tip of the pipet into the bath (Fig. 1) . This latter phase was attributed to the presence of a liquid junction potential established between the tubular fluid in the pipet tip and the surrounding Ringers-bicarbonate solution. This obviously represents the same junction as that discussed above, but with reversed polarity. The PD attributed to this junction was assessed in 20 punctures in three rats by specificially measuring the magnitude of the slow return phase after withdrawal of the pipet from the tubule after a transepithelial PD measurement, and was found to be 0.8 mV. This value of 0.8 mV, which represents an experimentally derived potential for the Ringers-bicarbonate:tubular fluid liquid junction is obviously comparable with that derived theoretically above (0.97 mV). The small difference between these two values probably reflects a minor discrepancy between the actual composition of the tubular fluid and the composition assumed in the theoretical calculation presented above.
When the experimentally derived PD for the Ringers- 
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Group B. Comparison of early vs. late proximal PD
The results of 26 first loop PD measurements and 77 PD measurements in randomly selected more distal proximal segments in 10 rats in the control state are shown in Table I and Fig. 2 . The mean first proximal loop PD was -0.8±0.07 mV whereas the mean PD obtained in randomly selected tubules was + 1.5±0.11 mV. Both of these values differed significantly from zero (P <0.001) and from each other (P <0.001).
Group C. Examination of factors generating the proximal PD Procedure 1. Administration of phloridzin during measurement of the PD in an early proximal loop. These experiments were designed to define the role of active glucose reabsorption in the generation of the negative PD found in the first postglomerular loops of the rat proximal tubule. Five animals received an intravenous injection of phloridzin during continuous monitoring of the PD in an early proximal loop. In 'each instance the small negative PD changed in a positive direction from a mean of -0.8±0.11 to + 0.3±0.15 mV. This change was highly significant (P <0.001).
Procedure 2. Acetazolamide infusion. This drug was administered to inhibit proximal bicarbonate reabsorption and prevent the development of significant chloride concentration gradients along the proximal tubule. Table II compares the results of 95 random PD measurements made during the control period with 108 measurements after acetazolamide infusion in 12 rats. The mean control PD of + 1.5±0.08 mV decreased significantly to 0±0.03 mV (P < 0.001) after acetazolamide infusion. The mean PD during this period was the same in six rats infused with 20 mg/kg body wt/h acetazolamide (0±0.07 mV) as in six rats infused with 10 mg/ kg body wt/h (+ 0.1±0.07 mV).
Procedure 3. Acetazolamide plus 10% glucose infusion. These experiments were performed to determine whether, in the absence of a significant chloride gradient, the later segments of the proximal tubule were able to reabsorb glucose actively and generate a negative PD comparable with that found in the earliest proximal loops under control conditions. 7 of the 12 experiments from procedure 2 were continued on to procedure 3. Table II illustrates the results of these seven experiments. The mean control PD fell from + 1.6±0.06 (n=54) to +0.1±0.07 mV (n=61) after acetazolamide (P <0.001). With the addition of a glucose infusion, the PD became negative with a mean value of -0.6±0.06 mV (n = 69). This value differed significantly from zero (P < 0.001) and from the mean acetazolamide value (P < 0.001). Procedure 4. Acetazolamide and glucose and phloridzin infusion. In an attempt to confirm that active reabsorption of glucose was responsible for the generation of the negative PD observed during procedure 3, the drug phloridzin, a known inhibitor of glucose reabsorption in the proximal tubule (20) , was subsequently administered, and further PD measurements were made in four of the seven animals from procedure 3. In these four animals the mean control PD was + 1.6±0.09 mV (n = 27). After acetazolamide, the mean PD fell to + 0.1±0.04 mV (n = 31) and subsequently became negative, -0.6 0.06 mV (n = 31) with the addition of a glucose infusion (procedure 3). Infusion of phloridzin resulted in a change in PD back to a mean value of + 0.2±0.06 mV (n = 39) which differed significantly from the value associated with procedure 3 (P < 0.001) but did not differ significantly from the value associated with procedure 2 (acetazolamide infusion alone). The results of these four experiments are depicted in Table II and Fig. 3 . At the conclusion of these four experiments, the following plasma electrolyte values were obtained: Na+, 140+2.4; K+, 3 
DISCUSSION
The present study indicates that the transepithelial PD in randomly selected proximal tubules has a mean value of + 1.6 mV. Since this value is very small and differs in orientation from values reported by most other investigators (3-9, 14-16), it is essential that the electrical measuring system be stable and free of systematic artifacts. For this reason, the electrodes used in this study possessed large tips (3-5 Am OD) and hence had very low tip resistances (< 1 M1). The use of larger electrodes for the measurement of transepithelial PD has recently been suggested by Fr6mter (12) , while Laurence and Marsh (21) have validated their use in measurements of the PD in the distal tubule and collecting duct of the hamster.
These electrodes are particularly well suited to the detection of small potentials, since their low tip resistance permits remarkably stable recordings whereas their large tip size facilitates intraluminal localization and minimizes plugging of organic material from the tubular wall. Moreover, since the 3 M KCl: tubular fluid interface is shifted away from the tip and into the tapered portion of the electrode during PD measurements, the possibility of KCl leakage from the pipet tip (which would result in a negative potassium diffusion potential) is eliminated.
The single theoretical disadvantage of large electrodes concerns the recording of falsely low PD measurements owing to excessive trauma to tubular wall resulting in shunting of PD through the damaged area.
Several lines of evidence argue against significant shunting. Our mean measured PD of +1.6 mV using large electrodes (3-5-/Am tips) is not significantly different from our results with smaller electrodes (tips < 1 /Lm) or from the value of 1.8 mV reported by Frdmter (12) using Ling-Gerard electrodes. Moreover, the stability of the PD recording indicates that progressive shunting did not occur. Finally, the ready localization of the larger pipet tips reduces the necessity for manipulation after puncture so that tubular damage may be less than with the small Ling-Gerard electrodes which require extensive movement to establish that the pipette tip is in an intraluminal position.
The most unique feature of the present studies which has not been reported previously is the finding that the transepithelial PD varies along the length of the proximal tubule. Of the PD measurements made in first proximal loops, all 26 were found to be negative with a mean of -0.8 mV and a range from -0.2 to -1.4 mV (Table I, Fig. 2 ). In later proximal segments, 195 PD measurements were made. All but three of these had a positive value. The mean for the entire group was + 1.6 mV with a range from -1.0 to + 2.5 mV. We have thus demonstrated a consistent profile of PD values for the proximal tubule under normal conditions with the earliest segments consistently having a negative PD in contrast to the later segments which have a positive PD.
The different PD values obtained in the early and late proximal tubule may represent either differences in the intrinsic electrical properties of these different segments, or compositional differences between the early and late proximal tubular fluid. In a recent study from our laboratory, Kokko (17) found that the PD in an in vitro perfused isolated rabbit proximal tubule was dependent on the composition of the perfusion fluid. When the perfusate simulated the ultrafiltrate of normal rabbit serum, the transepithelial PD was approximately -6 mV. When glucose and amino acids were removed from this perfusate, the PD fell to approximately zero. Perfusion of the tubule with a fluid resembling late proximal tubular fluid (Cl, 143; HCOs, 5 meq/liter, zero glucose, zero amino acids) resulted in a mean PD of + 3.2 mV. On the basis of these observations, Kokko suggested that active reabsorption of glucose and amino acids generated a negative PD, whereas, in the absence of these two substances, a high tubular fluid chloride concentration (relative to plasma) could generate a positive diffusion potential. Reabsorption of sodium bicarbonate was considered to be an active but nonelectrogenic process.
Extrapolating these results to the in vivo situation, it was predicted that the PD in the early and late proximal tubule should differ in magnitude and orientation. Close to the glomerulus, the tubular fluid should contain all the constituents of a plasma ultrafiltrate. Consequently, the active reabsorption of glucose and amino acids should generate a negative PD, assuming that the active reabsorption of bicarbonate proximal to the puncture site would be insufficient to generate a significant chloride concentration gradient. It has been demonstrated in previous micropuncture studies that the majority of bicarbonate (22) (23) (24) , glucose (25) , and amino acid (26) reabsorption transpires early in the proximal tubule leaving little of these substrates in the tubular fluid reaching the more distal portions. As a result of the reabsorption of these solutes with isosmotic amounts of water, the proximal tubular fluid chloride concentration has been shown to rise significantly above plasma concentration, achieving TF: P chloride ratios of approximately 1.3 (22) (23) (24) (25) (26) (27) . Thus, in the more distal portions of the proximal tubule, none of the substrates necessary for the generation of negative PD are present, and the high chloride concentration should generate a positive diffusion PD.
The results of the present in vivo study support these predictions in that the early proximal PD was found to be negative whereas the mean PD in randomly selected more distal segments was found to be significantly positive. However, for reasons that are not clear, the magnitude of the PD measurements we observed in vivo in the rat was considerably smaller than the magnitude of those measurements made by Kokko (17) in the in vitro perfused isolated rabbit tubule. In the present study, the mean PD measured in the first postglomerular loop was -0.8 mV, significantly less than the -6 mV recorded in the perfused rabbit tubule. The reason for this difference is unknown, but several possible explanations may be proposed. First, it is possible that this discrepancy represents a species difference. Second, it may reflect a difference between the in vivo and in vitro experimental situation, possibly some degree of shunting in vivo. Third, it is possible that in vivo the composition of the tubular fluid may have already been modified by reabsorptive processes proximal to the puncture site. Evidence for this suggestion is found in those experiments in which administration of phloridizin changed the first loop PD from -0.8 to + 0.3 mV. The small positive PD remaining after administration of phloridzin suggests that a small concentration gradient for chloride had already been established proximal to the site of puncture. These data also suggest that the reabsorption of glucose, but not of amino acids, is the principal mechanism responsible for the generation of the negative PD in the early proximal tubule in vivo. It is possible that amino acid reabsorption is in fact electrogenic but cannot be detected because it is small in magnitude and obscured by the chloride diffusion potential.
The positive PD in the later portions of the proximal tubule appears to be the consequence of a passive chloride diffusion potential. Previous micropuncture studies from our laboratory (22, 28) have shown that under conditions similar to those in the present studies, tubular fluid chloride concentration rises significantly above that of plasma along the proximal tubule achieving TF: P chloride ratios of approximately 1.30 . If the tubule were permeable only to chloride, this ratio could theoretically give rise to a transepithelial PD of + 7.0 mV, as predicted by the Nernst equation (29) . However, since the tubule is also permeable to sodium, bicarbonate, and other ions, the chloride concentration gradient would give rise to a much smaller PD, depending on the relative permeability of the tubule to chloride, sodium, and bicarbonate. In support of the proposal that the positive PD in more distal portions of the proximal tubule represents a passive chloride diffusion potential, administration of acetazolamide, which has been demonstrated in previous micropuncture studies (24, 27) to inhibit, bicarbonate reabsorption and prevent a rise in tubular fluid chloride concentration along the proximal tubule, was found in the present study to reduce the mean proximal PD from + 1.5 to 0 mV (Table II, Fig. 3) .
The more distal portions of the proximal tubule do not appear to differ intrinsically from the earlier portions since they were also able to generate a negative PD when actively reabsorbing glucose in the absence of a significant transepithelial chloride concentration gradient. This was demonstrated by those experiments in which 10% glucose was infused in association with acetazolamide. The mean random tubular PD of 0 mV associated with acetazolamide infusion alone changed significantly to -0.6 mV when an infusion of 10% glucose was superimposed (Table II, Fig. 3 ). This appeared to be an effect specifically related to active glucose reabsorption since the subsequent administration of phloridzin promptly returned the PD to approximately zero again (Table II, Fig. 3) .
Two possible mechanisms might explain the generation of a negative transepithelial PD during glucose reabsorption. The first mechanism, based on an earlier hypothesis by Crane (30, 31) , suggests that sodium enters the cell across the luminal membrane via a carrier mechanism that requires the presence of glucose. The sodium is subsequently actively transported out of the cell and thus gives rise to a negative transepithelial PD. The second possibility is that glucose reabsorption, by generating local osmotic gradients, pulls a solution of sodium chloride through negatively charged pores and thus generates a streaming potential. In a recent microperfusion study of the proximal tubule of the Japanese newt, Maruyama and Hoshi (32) found that the addition of glucose to the luminal perfusing solution generated a negative transepithelial PD by a mechanism which depolarized the luminal cell membrane. This finding constitutes evidence against streaming potentials and suggests that glucose generates a negative PD by its effect on the entry of sodium into the cell.
Our results suggest that in the presence of glucose, the entire length of the proximal tubule has the capacity for electrogenic sodium transport. Since sodium bicarbonate reabsorption is considered to be a nonelectrogenic process, these results suggest that there is a component of active sodium transport which is independent of hydrogen secretion but dependent on glucose reabsorption and which can effect net sodium chloride reabsorption. This electrogenic sodium transport appears to be specifically dependent on glucose reabsorption since administration of phloridzin eliminated the small negative PD associated with glucose plus acetazolamide infusion (Table  II, Fig. 3 ). The fact that glucose reabsorption is normally completed in the first 15-20% of *the proximal tubule when the TF/P inulin ratio has risen only to a minor extent suggest that glucose-dependent active sodium reabsorption is small in amount and limited to the early proximal tubule.
The failure to demonstrate an electrogenic sodium transport system in the more distal segments of the proximal tubule in the absence of glucose raises the question as to the mechanism responsible for isotonic sodium chloride reabsorption in this area. Two forces might account for passive reabsorption of sodium chloride. First, the diffusion of chloride down its concentration gradient generating a positive PD serves as an electrical driving force for sodium reabsorption. Second, the effective osmotic force generated across the tubular epithelium by differences in the reflection coefficients of NaCl, NaHCO3, and glucose would promote water reabsorption and, along with it, some NaCl reabsorption.
It is not clear, however, whether these forces could account for the observed rates of sodium chloride reabsorption. It can be estimated from free-flow micropuncture studies performed under conditions similar to those in the present experiments that the magnitude of isotonic NaCl reabsorption in the later part of the proximal tubule is approximately 2 nl mm-' min' or 0.3 neq mm-1 min' for both Na+ and Cl-.
The electrochemical gradients for Na+ and Cl-are unequal. Since there is no concentration gradient for sodium, the electrochemical driving force can be accounted for solely by the PD of + 1.6 mV. Using the published value for sodium permeability in the rat proximal tubule of 15 X 10' cm2 s' (33) , passive diffusion could account for only one-third of the observed rate of sodium reabsorption, or 0.1 neq mm' min'. By contrast, passive outward diffusion of chloride is driven by a large chemical concentration gradient of approximately 25 meq/liter, which is opposed by the very small PD. Using the published value for chloride permeability of 10 X 10' cm2 s' (33), passive movement down its concentration gradient could account for about two-thirds of the observed rate of chloride reabsorption, or 0.2 neq mm'1 min'.
The second force for passive reabsorption, the effective osmotic pressure, affects sodium and chloride equally (by promoting the bulk flow of fluid). Using the published value of 0.7 for the NaCl reflection coefficient (34), it is estimated that bulk flow accounts for approximately one-third of the observed rate of Na and Cl reabsorption.
Thus, the sum of the electrochemical and osmotic driving forces can account for all of the Cl-reabsorption but only two-thirds of the sodium reabsorption. This disparity may be due to inaccuracies in the various permeability coefficients utilized in the calculations. On the other hand, the disparity might be attributable to still a third process.
It is possible that about one-third of the chloride movement is associated with a commensurate inward diffusion of bicarbonate down its steep electrochemical gradient. Microperfusion studies by Bank and Aynedjian (35) clearly demonstrated that bicarbonate readily diffused into, HCO3-free fluids used to perfuse that rat proximal tubule. It is attractive to suggest as a hypothesis that the inward leak of HCO3-permits the re-462 maining one-third of Na' to be reabsorbed via an active process coupled to H' secretion. This would not be inconsistent with the positive PD since sodium bicarbonate reabsorption appears to be nonelectrogenic. Such a theory is supported by the finding (36) that the reabsorption of the shrinking drop of saline is inhibited 30-40% by acetazolamide. Moreover, Bank and Aynedjian (35) have demonstrated that when the proximal tubule is perfused with a HCO3-free solution, HCO3-accumulates in the tubular fluid only after hydrogen secretion is inhibited by acetazolamide.
We would suggest, therefore, that the reabsorption of the glomerular filtrate in the proximal tubule is a biphasic process. Early in the proximal tubule, glucose, amino acids, and NaHCO3 are reabsorbed actively along with isosmotic amounts of water. As a consequence, the concentration of Cl-in the residual tubular fluid is raised above that of plasma and the more distal portions of the proximal tubule are presented with essentially isomotic sodium chloride solution (with zero or mininial concentrations of glucose, amino acids, and sodium bicarbonate). Of the total sodium reabsorption in this portion of the tubule, approximately one-third appears to be due to passive diffusion driven by a positive PD, approximately one-third occurs by bulk flow of solution driven by an effective osmotic pressure across the tubule, and approximately one-third occurs by active Na'-H' exchange driven by the inward passive diffusion of bicarbonate. It is of interest that the contribution of these various processes estimated from free-flow micropuncture experiments is in agreement with similar estimates recently made by Ullrich, Sauer, and Fromter (33) using stationary microperfusion techniques.
